Traditionally, the design of new vaccines directed against Mycobacterium tuberculosis, the most successful bacterial pathogen on the planet, has focused on prophylactic candidates that would be given to individuals while they are still young. It is becoming more apparent, however, that there are several types of vaccine candidates now under development that could be used under various conditions. Thus, in addition to prophylactic vaccines, such as recombinant Mycobacterium bovis BCG or BCG-boosting vaccines, other applications include vaccines that could prevent infection, vaccines that could be given in emergency situations as postexposure vaccines, vaccines that could be used to facilitate chemotherapy, and vaccines that could be used to reduce or prevent relapse and reactivation disease. These approaches are discussed here, including the type of immunity we are trying to specifically target, as well as the limitations of these approaches.
I
t is currently estimated that Ͼ2 billion people have been exposed to Mycobacterium tuberculosis, with Ͼ8 million people showing active disease and potentially as many as 2 million people dying each year (1) , making tuberculosis (TB) the world's most successful bacterial pathogen. A global emergency by itself, the problem is further compounded by the concomitant HIV epidemic, which renders people highly vulnerable to TB, and the sinister continuing rise in drug resistance among newly emerging isolates (2, 3) .
To date, the Mycobacterium bovis bacillus Calmette-Guérin (BCG) vaccine remains the only licensed vaccine for the prevention of TB. It is traditionally given to newborns, and in that population, it has a protective effect. However, this is not sustained, and the general consensus is now that the vaccine provides little protection in adult individuals (4) .
This has prompted a concerted effort over the past 2 decades to develop new candidates, to improve BCG, to boost it, or to replace it altogether (5) (6) (7) (8) . Although multiple innovative approaches have been proposed and tried, progress has been slow, and only one major candidate has completed a phase IIb efficacy trial, with disappointing results (9) . Despite this failure, this experience has been very useful, because it forces the field to reassess exactly how we design vaccines and how we test them (10) .
One conventionally regards TB vaccine development in terms of a prophylactic vaccine given to young people that will potentially protect them from infection at a later time (for decades, it is hoped). However, as more and more approaches have been developed, it has emerged that there are multiple potential uses or applications of certain candidates, as illustrated in Fig. 1 . Traditionally, prevention or reduction of the severity of the disease process was our primary target, but there is now some speculation that a candidate could be found that could act rapidly to prevent the actual establishment of a site of infection in the first place. In addition, much energy has been expended on finding ways to boost immunity engendered by BCG vaccination, a logical approach given the Ͼ80% coverage of this vaccine worldwide.
Another approach garnering increased attention is the use of therapeutic or postexposure vaccines that could be given to already infected individuals or those potentially exposed deliberately in a bioterror situation. These potentially could also be given as a means to potentiate the administration of chemotherapy and facilitate and improve the rate and degree of bacterial clearance. Finally, given that relapse of disease even after apparently successful chemotherapy is a continuing problem, a sixth type of TB vaccine that could be of substantial usefulness would be one that could be given to prevent reactivation disease and relapse.
Some progress has already been made, at least in some situations. These are reviewed here, including the context of what types of host immunity these new candidates should be inducing and how we can design candidates to achieve this.
VACCINES PREVENTING INFECTION
At this time, a vaccine that could induce a form of immunity that, even years later, would prevent infection rather than disease is purely theoretical, but this idea is now receiving active attention. The problems here are formidable, as recently discussed (11) , not only in the identification of such vaccines-which may require substantial lateral thinking-but also in terms of how the action of such candidates could be measured and validated. Above all, such approaches would have to be integrated into the physiological mechanisms present in the lungs, which are themselves complicated (11) .
Within the upper respiratory tract, there are antibodies (IgA, IgD) present in the mucus that could potentially be exclusionary (12) or capture bacilli higher up the airway, and several cell populations, including NK cells, ␥␦ T cell receptor cells, and other populations such as mucosa-associated invariant T cells, all of which are potential TH1 cytokine producers. However, even if ways could be found to somehow vaccinate the host to improve the responsiveness of these cells (for example, an earlier attempt to vaccinate via CD1 presentation was not successful [13] ), it is hard to envisage how this could influence bacilli passing by in the tidal air. One possibility recently suggested (14) is to enhance the activity of local monocytes, assuming that these could be focused correctly at sites of initial bacterial implantation.
If successful "anti-infection" interventions could be designed, they would most likely have to work at the level of the alveolar macrophage, usually the first cell to encounter the bacterium, and failing that, quickly after the bacillus has reached the pulmonary interstitium (15) . One possibility is to design vaccines that could induce opsonizing antibodies that could facilitate bacterial killing by the alveolar macrophage, but an impediment here is that the protein content (including antibodies) of the lung surfactant is very tightly controlled in order to preserve the surface tension properties of this layer.
After the bacteria erode and enter the interstitium and establish a site of infection, there are potentially further options to prevent further progression to a disease state, but these would have to deal with various processes. These include the carriage of bacteria away to the draining lymph nodes, which is needed to trigger the eventual acquired immune response (16) , which also causes dissemination of the infection (an early event, particularly in the guinea pig model [17] ). The bacilli are carried by dendritic cells, raising the possibility that acceleration of this event could be beneficial if it generated immunity faster (18) . In addition, there is a considerable neutrophil response in the interstitium, driven by the local inflammatory conditions, and we have previously suggested (15) that the degranulation of these cells releases hydrolytic enzymes that cause local tissue damage, including that of the capillary blood vessel endothelium, resulting in the formation of initial pockets of necrosis (19, 20) . Since we now propose (15, 21) that this necrosis provides a safe harbor for extracellular, persisting bacteria, obviously any infection-preventing vaccination process must be able to completely prevent this.
CONVENTIONAL VACCINES ESTABLISHING ACQUIRED SPECIFIC RESISTANCE
(i) Improving BCG. The gradual realization that the BCG vaccine was far from perfect and exhibited substantial variation in efficacy, coupled with increasing evidence that it had little or no protective effect in adults, drove research into ways it could be improved or replaced altogether.
Much of this research was innovative. The earliest approach was to take the existing BCG vaccine and, given the knowledge that early secreted proteins of the bacillus are immunogenic (22) , incorporate them into the bacterium to make a recombinant vaccine. The first attempt to achieve this (23) resulted in a recombinant BCG (rBCG) strain (Tice) overexpressing the 30-kDa antigen (Ag85B) that had protective activity superior to that of the BCG control strain in the relevant guinea pig model. This candidate was not further pursued for regulatory reasons when it was noted that it contained an antibiotic resistance marker, but it nevertheless provided proof of the principle that regular BCG could potentially be improved. Further development of rBCG candidates then resulted in the new candidate VPM1002 (24), now being produced by a company in Germany, and further new candidates produced by the Aeras Foundation. VPM1002 is an rBCG Prague strain that expresses the lysin molecule from Listeria and in which the urease subunit C gene has been inactivated. The concept here is that this will allow escape of M. tuberculosis antigens from the phagosome into the cytoplasm, giving a broader and more potent T cell response by promoting macrophage apoptosis and cross-presentation of anti- gens (25) . Studies with animals indicate superior protective responses to this candidate, which is now in early clinical trials.
At Aeras, an early prototype was produced that used a different lysin (perfringolysin) and in addition overexpressed the M. tuberculosis antigens Ag85A, Ag85B, and Rv3407. This candidate was very safe and was then tested in a challenge model using the relevant clinical isolate HN878. This isolate is extremely virulent in mice (26, 27) , but in the Aeras study, it took Ͼ300 days to kill control mice, indicating severe attenuation of the isolate stock. This is in contrast to an earlier study in my laboratory (27) in which HN878 killed mice in 70 to 90 days. These results proved moot, however, when the vaccine was abruptly withdrawn after inducing shingles in volunteers in initial safety studies.
These results apart, there is optimism that an improved BCG candidate can be produced, but whether this can reduce the variability classically seen with the existing vaccine will take time to determine. A further issue, not discussed much yet (21) , reflects the finding by Comas and colleagues (28) that shows the hyperconservation of major immunogenic T cell epitopes right across the main families of M. tuberculosis strains. One explanation for this is that it ensures a strong T cell response to the infecting organism, maximizing lung damage and tissue necrosis, thus allowing surviving bacilli to hide in organized biofilm-like communities safe from T cell immunity (and drugs [29, 30] ) until they can escape into cavities or airways, allowing their transmission. Whether vaccines that increase T cell recognition of such epitopes (given their presence in several rBCG and fusion protein candidates) will eventually have detrimental outcomes is not known (and, as yet at least, not observed in animal models).
(ii) Fusion proteins. A second major class of candidate vaccines consists of fusion protein constructs. This approach was initially used to avoid quality control issues in manufacturing, but it is now clear this is an attractive approach that has produced several potentially useful candidates. One of the first candidates in this class was M72, a fusion of Rv1196 and Rv0125 given in AS01 adjuvant, which was found to be protective in mouse and guinea pig challenge models (31, 32) , including the capacity to effectively boost BCG (31) . Results obtained with nonhuman primates (NHPs) were equally encouraging (33) , and this candidate is in clinical trials (34) .
Hybrid-4 (H4; Ag85B and TB10.4) and H56 (Ag85B, ESTA-6, and Rv2660), both delivered in IC31 adjuvant, are immunogenic vaccine candidates that have shown good activity in small-animal models (35, 36) . The Rv2660 antigen in H56 was included as a "latent-TB" antigen, and while it appears to contribute to efficacy, the actual model in which this was achieved (incomplete chemotherapy of mice after infection) has been criticized (8) as unrealistic. In addition, studies trying to boost BCG with H56 in macaques were less compelling (37), as discussed further below.
ID93 is a fusion polyprotein incorporating Rv2608, Rv3619, Rv3620, and Rv1813. When delivered in a potent glucopyranosyl lipid adjuvant (GLA), this fusion vaccine gives excellent protection in animal models (38, 39) .
(iii) Auxotrophs and other mutants. This area of the field originally sprang from the idea (40) that auxotrophic mutants of M. tuberculosis might be a better option that BCG for new-generation vaccines, as long, of course, as they could be shown to be safe.
An early approach (41) made a mutant of H37Rv lacking both the leuD and panCD genes, producing an auxotroph deficient in leucine and pantothenate biosynthesis. Guinea pigs were then vaccinated with this mutant and challenged by low-dose aerosol with H37Rv. The mutant, whether given once or twice, protected these animals to the same extent as BCG. A single dose of the vaccine gave lung immunopathology similar to that of BCG-vaccinated animals, but animals given the boost had extensive lung pathology (lymphocytic lesions) and lung consolidation (a "too much of a good thing" type of observation others have also made). This was followed (42) by the demonstration that the double mutant was safe and that protection by the mutant was long lived (7-month vaccine-to-challenge interval).
Another mutant that had considerable protective capacity was developed by deletion of the secA2 gene of M. tuberculosis (43) . In addition to a strong CD4 response to the mutant, there was also markedly increased priming of antigen-specific CD8 T cells in vivo, and it was then found that vaccination of mice and guinea pigs with this mutant produced significantly greater resistance to an M. tuberculosis challenge than BCG did. Of particular note was the rapid prevention of mediastinal lymph node damage by the ⌬secA2 vaccine, which is an early and prominent event in unprotected animals (17) .
A further mutant, designated SO2 (44), has been generated that is based on inactivation of the PhoP response regulator of M. tuberculosis. Good results with this mutant have been reported in in vitro studies, as well as in mice, guinea pigs, and macaques (45) (46) (47) (48) , and an attraction of this candidate is that, unlike BCG, it appears to be a good inducer of central memory T cell responses.
A completely different approach was the production (49) of a mutant of M. smegmatis in which the esx-3 locus was deleted (IKE) and then replaced with the orthologous esx-3 genes from M. tuberculosis (producing the mutant IKEPLUS). The resulting mutant was readily cleared by mice via an MyD88-dependent mechanism but in the process, an extremely high level of protective immunity generated. This includes a strong central memory response (I. M. Orme and M. Henao-Tamayo, unpublished observation), raising the question of whether a mixture of IKEPLUS and BCG given together could improve the vaccination process simply by providing a broader range of T cell subset responses.
At this time, with the exception of SO2, none of these candidates have been moved toward clinical trials, and there seems to be little enthusiasm among the entities that control this process to do so. This could be a tactical mistake when considered in the context that we may need vaccines with "more muscle" than BCG, given the extreme virulence of at least some of the newly emerging clinical isolates (50) (51) (52) .
(iv) Immune targets. When mice and guinea pigs are challenged, usually several weeks after BCG vaccination, the effector immunity engendered by the vaccine controls and contains the infection by way of production of the TH1 cytokine pathway response. This results in the activation of macrophages infected with the bacilli and the formation of a granuloma designed to prevent further dissemination of the infection (53) . Because a finite time is needed to fully express this immunity, the initial outcome is a reduction of the bacterial load in the lungs, usually to a 1-to 1.5-log lower level than in controls, rather than any form of sterilization.
Protection is mediated predominantly by CD4 cells, with CD8 cells representing a smaller responding population. The CD4 cells are often multifunctional, in the sense that they secrete gamma interferon (IFN-␥), tumor necrosis factor alpha, and interleukin-2 in various proportions. If the challenge is not given at this point, however, then T cells in the lungs and other organs gradually take on the characteristics of memory T cells, and while these are often "multifunctional" as well, it was recently correctly argued (54) that care is needed in assigning a specific memory function (in studies with children, these cells may actually represent secondary effector cells [55] ). In the lungs of mice given BCG 100 to 200 days earlier, most of the secondary effector cells are due to an effector memory T cell response (56) , with central memory cells representing only a minor subset-this has been suggested (57) as a cause for the gradual loss of protection in children as they grow older.
Other subsets may also be present. CD4 cells with a naive phenotype are present, mostly in the spleen, and may represent a stem cell-like subset. TH17 cells can also be seen, including in a recall model (58) , and may themselves be an important component of the overall memory response (59, 60) .
Can these responses be improved? Simply finding ways or candidates to increase IFN-␥ responses, once thought logical, may not be the answer since it is now mostly agreed that this does not provide a useful correlate of vaccine protection or efficacy. Another possibility is to try to vaccinate in such a way as to push the memory response more toward the central memory, which is more rapidly reactive than effector immunity (one example is ⌬IKEPLUS, which induces good central memory responses, as noted above), and there is now evidence this can also be achieved by antigen delivery in cationic liposomes (61) . Another possibility could be to establish a larger reservoir of stem cell-like memory cells, given their very high proliferative capacity (62) . At the end of the day, however, our understanding of the memory immune response to TB vaccine candidates, as well as BCG itself, is still very limited, and this is a major impediment to further research.
BCG-BOOSTING VACCINES
A significant proportion of the research in the field has concentrated, quite understandably, on candidates that can be given to individuals already vaccinated with BCG in an effort to improve outcomes. As noted in Fig. 1 , the age of the individual when a vaccine is given is a factor, and this applies particularly to BCGboosting vaccines. BCG is usually given soon after birth, and hence, finding some way to boost immunity engendered by neonatal BCG vaccination is the most practical avenue of approach, unless a highly effective vaccine can be found to replace BCG. The lead candidates in this regard are virus based; MVA85A is based on vaccinia virus, and Aeras-402 uses adenovirus type 35 to deliver the Ag85B and TB10.4 antigens.
In this regard, a very comprehensive review by Brennan and his colleagues (63) lists the growing number of studies that have tried various priming-boosting protocols, rather helpfully divided into those that seemed to work, those that provided no better effect than BCG alone, and (a much smaller number) those where nothing worked at all. Nearly 50 studies were listed in this 2012 review. This is a tribute to the industry of our field, but one must also note that virtually all of those studies used the laboratory-adapted strain H37Rv or Erdman for the challenge infection-it is unclear if similar positive results would have been obtained if virulent clinical strains had been used. This is important, because BCG is less effective against clinical isolates that are capable of inducing regulatory T cells (64) , and hence it would be valuable to know if boosting vaccines can overcome these negative effects. Nor is this a new concern, given the results of an important study published over a decade ago (65) .
A further weakness, also brought out by this review (63) , is the complete lack of standardization of boosting protocols, not just the choice of the challenge strain but the regimens used, vaccine doses, routes used, and so forth, even the conditions of the animals themselves (barrier conditions, etc.).
We know that BCG induces CD4 T cells that behave as memory cells. Their longevity is not known in humans, but "about a decade" is a reasonable assumption given the onset of disease in people already vaccinated. So, when do we apply boosting? The first approach, recently tried (9) , is relatively shortly after BCG vaccination, but here we do not know the extent to which effector immunity has transformed into or been replaced by true memory immunity. A second approach is to try to predict when memory immunity has peaked and give a vaccine booster to try to expand this even further. The third approach is to wait until we think memory might be waning, i.e., 8 to 10 years of age, and reinvigorate or reexpand this immunity with a boost.
Because of a combination of funding issues and impatience, these factors have never been seriously addressed in our animal models. One standard protocol is to give BCG to mice and then about 6 weeks later start boosting vaccinations. Here, the boost is being given at the height of effector immunity, not memory, in the animal. In some cases, an improvement can be seen (lower CFU counts in the lungs after a challenge), but often as not, no increase in protection is seen (BCG is protecting well enough and cannot be added to under the constraints of the model itself), or protection can actually decrease because the boost induces effector T cell contraction and exhaustion.
A better option is to let memory immunity to the BCG vaccine develop first, which seems to take a minimum of 10 weeks or so in small-animal models (peak levels are probably reached after about 15 to 20 weeks), before starting boosting. However, to correctly measure the true effect of this in the sense of increased longevity of protection, an extended boost-to-challenge interval is needed to validate this. This substantially increases the expense of the study in terms of per diem animal husbandry costs and is also the reason why attempts have only been occasionally been made to determine the effects of boosting on waning memory immunity (24, 66, 67) , which is prohibitively expensive in any model larger than the mouse.
POSTEXPOSURE VACCINES
Postexposure or therapeutic vaccines are those that could be given to individuals after they have been actively infected or exposed. The most advanced candidate is the RUTI vaccine, which contains detoxified bacterial fragments administered in liposomes (68) . Positive results have been obtained in animal models, and an early phase I safety trial has been completed (69) .
A different approach to vaccine design more recently focused on potential antigen availability occurring in animals after they have been infected. We had previously made the observation that as primary lesions in infected guinea pigs progressed, areas within these structures were stained brightly with Prussian blue, indicating iron accumulation-potentially by the surviving bacilli. Second, it is well established that the bacterium upregulates multiple proteins that are encoded within the important DosR regulon, and we identified four DosR-encoded proteins recognized by lung T cells as the infection was first contained. These two pools, Rv1909, Rv2359, and Rv2711 and Rv1738, Rv2032, Rv3130, and Rv3841, respectively, were given to infected guinea pigs in GLA/CpGbased adjuvant 10 days (or as a boost) 25 days after aerosol exposure to high-virulence clinical Beijing isolates. While these vaccines had no influence on the lung bacterial load, they appeared to significantly prevent infection dissemination and formation of secondary lesions, thus significantly prolonging animal survival (70) . In long-term survivors (Ͼ200 days), there was evidence of bacterial clearance and lung damage healing (necrosis being replaced with fibrosis).
What type of immunity postexposure vaccines must target obviously depends on the length of time between exposure and vaccine administration. In a biodefense scenario (70) , the purpose of the vaccine would be to boost or facilitate emerging primary effector immunity, with the main objective being to control the infection while it is being specifically identified, especially in terms of its drug profile. Whether such types of vaccines could be applied to chronic TB is far less clear and has not yet been addressed. Moreover, with these types of approaches, there are potential safety issues (71) .
CHEMOTHERAPY-FACILITATING VACCINES
In this day and age, chemotherapy is applied as soon as possible to individuals with diagnosed disease. Here, there is growing evidence that the application of a therapeutic vaccine can facilitate the activity of the drug regimens used. For example, the ID93 candidate described above was shown (72) to increase the survival of a very susceptible inbred mouse strain when given in conjunction with chemotherapy. Less impressive results, however, were seen in an NHP model (72) . "M. indicus pranii" (originally Mw) was initially developed as an immunotherapeutic agent against leprosy, but this candidate has more recently reemerged as a possible facilitator of chemotherapy, although results have mostly been very modest (73) .
The application of chemotherapy to animal models usually occurs at a time when effector immunity is predominant and memory immunity has yet to arise. How the animal is actually reacting to the flood of newly available antigens resulting from the destruction of viable bacteria is unclear, but classical studies (74) show no indication that the emergence of memory immunity is compromised. In fact, bacterial clearance by drugs now allows the establishment of both effector memory and central memory (whereas chronic disease only favors the former)-with the caveat that this is unstable if the animal is subsequently reinfected with a virulent isolate (58)-something happening more and more in the field (75) . While it is still unclear just how important central memory is in the context of improving TB vaccines, understanding why rapid destruction of the bacterial load seems to push the emergence of these cells could potentially be useful.
REACTIVATION PREVENTION VACCINES
Even today, most reviews of the pathogenesis and immunology of the TB disease process are locked into the concept that the expression of acquired immunity to the bacillus drives it into a dormant or latent state, and this, in turn, centrally influences how we approach vaccine design. Some of us, however, have directly challenged this concept by pointing out multiple holes in this argument (15, 21, 76) . This is directly pertinent to postexposure and "chemotherapyfacilitating" vaccine design. If one considers the concept that latent bacilli survive in macrophages (despite the lack of photographic evidence and the further issue of how macrophages could even survive in lung necrosis) from whence they somehow become resuscitated and cause disease reactivation, this could be targeted. However, no candidate has yet been found that can achieve this, and for that matter, in vitro conditions that simulate latent bacilli under low-oxygen and nutrition-deprived conditions have totally failed to produce the library of new latent-TB drugs we were promised a few years ago. It logically follows, therefore, that the prevailing concept of latent disease could be completely wrong.
As noted above, our own development of therapeutic vaccines was guided by events in the lungs we could directly observe during the containment phase of the infection in the guinea pig model. However, in terms of reactivation prevention vaccines, it is almost certain that the most favorable targets are different. Our working model (15) of reactivation is very different from the prevailing concept that a latent bacillus somehow wakes up, avoids immunity, and creates a new lesion. In our model, reactivation occurs on a periodic basis and, in doing so, rapidly triggers memory immunity to contain it. In our opinion, this explains the basis of the IFN-␥ release assay for latent TB; memory cells tend to marginate rather than recirculate, so detecting IFN-␥ ϩ cells in the blood indicates recent reactivation rather than latency. This is all driven, we suggest, by the fact that advanced staining methods indicate the potential existence of large numbers of (possibly biofilm-like) bacterial communities persisting in primary lesion necrosis (15) , thus providing the source of periodic reactivation.
If we consider that reactivating bacteria are producing an antigen profile that is similar to or the same as that of a fresh infection, then vaccines targeting early secreted proteins should be the most effective approach. However, this has to be considered also in terms of the existing memory immunity in the host at that time. If immunity triggered by reactivation has similarities to a recent recall model (58) , then there is the potential that the introduction by vaccination of a significant quantity of key immunogenic proteins such as Ag85 or ESAT-6 may cause an expansion of both effector and central memory CD4 responses, followed by their contraction and exhaustion (a sort of memory immune Koch reaction). In models of chronic infection at least, memory CD4 T cells do not appear to be terminally differentiated (77) but do appear to have the capacity to become KLRG1 ϩ and PD-1 ϩ when restimulated (78) . Whether this applies to T cells remaining after chemotherapy has ceased is not known, but again, this emphasizes our substantial lack of knowledge about these events in this situation.
Conventionally, relapse studies of mice following cessation of a drug regimen are usually conducted for 3 to 6 months, and in addition, if lack of sterilization is suspected, reactivation can be driven by immunosuppression (e.g., with cortisol). If guinea pigs are used, it can take as long as a year before any reactivation disease occurs in drug-treated animals (79) . This again illustrates the financial burden of performing such studies, especially under biosafety level 3 conditions.
VACCINE DESIGN AND VALIDATION: PRECLINICAL TESTING IN ANIMAL MODELS
Over the past 10 to 15 years, the number of laboratories capable of performing in-house evaluations of TB vaccine candidates has increased somewhat but is still relatively low. This, of course, re-flects both economic and infrastructure limitations, and these rise exponentially with the size of the animal species used. While there is some degree of standardization of the protocols used in different laboratories, there are often still considerable differences in terms of doses and routes of vaccination, in vaccine-to-challenge intervals, and in the route of the challenge itself. In general, there is a concern that vaccine-to-challenge intervals are too short, studies are underpowered, and challenge infections are given long before memory immunity can even develop (80) . Finally, since it is now nearly a decade since rival candidates from different laboratories were ever tested in head-to-head comparisons by independent laboratories with no vested interest (81), any prioritization is essentially impossible.
A further concern is that most candidates are tested not against the current clinical isolates sweeping the planet, many of which appear to show substantial virulence in small-animal models, but instead against laboratory-adapted strains H37Rv and Erdman. Recent studies using the clinical strains clearly indicate that many of these isolates induce a much broader T cell response, including TH17 cells and Foxp3 ϩ regulatory T cells. How the balance between these subsets and vaccine-induced memory T cells influences vaccine efficacy is far from clear and, if anything, mostly ignored by the current field (8) . TH17 cells themselves can be directly protective under certain conditions (59, 60) , and loss of protective immunity induced by BCG vaccination occurs in parallel with regulatory T cell expansion (64) . In the latter model, depletion of these cells by antibody or by toxin administration in diphtheria toxin receptor knock-in mice allows the reexpansion of effector CD4 cells (D. J. Ordway, personal communication).
A general consensus in the field is that a progressive pathway of vaccine screening evaluations from small-animal (mouse, guinea pig) models to NHPs is logical, and positive data from each model will increase confidence that the candidate is worthy of clinical evaluation. There is general agreement that the NHP should be the endpoint "gateway," but despite the close similarity to humans and the opportunity to study "human-like" immune mechanisms, the more this model is thoroughly analyzed, the more serious limitations are starting to be realized. Most of the studies done to date have been performed with macaques, but the two subspecies-rhesus and cynomolgus-can respond differently to vaccination and M. tuberculosis challenge. In addition, there are now three sources of cynomolgus available and again response differences can be observed. Finally, different patterns of disease outcome occur if the challenge is given by bronchoscope-with some animals showing active disease but others a more latent appearance-whereas macaques infected by a more realistic low-dose aerosol exposure uniformly show an active disease pattern (82) (83) (84) . Importantly, these limitations are further compounded by recent studies that have even had difficulty in demonstrating protection by BCG, a rather serious drawback when the ambition of the study is to demonstrate the ability of the candidate to boost BCG. A recent study (37) testing the H56 candidate ran into this problem, as did a study testing the ability of Aeras-402 to boost BCG (85) , in which the vaccinated and/or boosted animals did not even live as long as the unprotected control animals. Accordingly, it would perhaps be wise for the field to continue to utilize smalleranimal models while these serious issues with NHP models are analyzed and resolved prior to eventual dependence on them as the definitive endpoint model.
CONCLUSIONS
Whereas a few decades ago the focus on new, BCG-replacing vaccines was focused strictly on prophylactic vaccines that would be given to neonates, the field has blossomed in the sense that we are realizing that there are multiple situations in which certain candidates could have a practical use. This includes breaking away from the paradigm that a particular type of vaccine must still be administered early in life and instead thinking in terms of whether innovative new candidates could be given to adolescents or even adults. These include fresh approaches, including anti-infection vaccines, vaccines to facilitate chemotherapy, and vaccines specifically designed to prevent the reappearance of persisting/latent bacilli.
In the latter case, we need a new debate on the prevailing concept in the field that bacilli in macrophages in lesions are in a state of latency. This is being increasingly challenged by the alternative concept that these surviving bacteria are, in fact, extracellular and are actively adapting to persistence in necrosis prior to possible escape and transmission. These adaptations include very low energy generation, triglyceride accumulation as an energy source, utilization of cholesterol left behind by dead host cells, and continuing efforts to acquire iron and copper ions (21) . Cell wall construction is halted and in fact appears to be actively released within biofilms (86, 87) , and thus, the expression of genes encoding proteins involved in cell biosynthesis, including the Ag85 family (88), falls to very low levels since these are not needed at this time. All of these processes could provide valuable new antigen candidate targets.
In a similar vein, a further concern is the "eggs in one basket" continuing emphasis on immunodominant antigens such as the Ag85 family, ESAT-6, etc. The fact is that the bacterium only makes these in large amounts during certain times in its life cycle, not continuously. Moreover, there is growing concern, initiated by Comas et al. (28) , that by hyperconserving immunodominant epitopes the bacillus is exploiting an evolutionary advantage, driving its chances of transmission (of course, one can also make the reverse argument-that by generating immunity to these epitopes, the majority of exposed people are protected). Recently, it has been shown instead (89) that subdominant, even weakly immunogenic, proteins of the bacterium can make perfectly good vaccine candidates, giving good protection in the mouse. This is a new approach that deserves further attention.
Finally, as recently discussed by Andersen and Kaufmann (54), it is questionable at this time whether the WHO Stop TB objective of TB elimination by the year 2050 will be achieved. From an optimistic viewpoint, the fact that several candidates are finally moving into clinical trials is promising, as is the development of less conventional candidates such as those that have therapeutic activity, for example. A more pessimistic viewpoint, however, is that there are multiple elements of the host response that are still very poorly understood, such as the nature of memory immunity, or simply ignored, such as the inhibitory role of regulatory T cells induced by newly emerging clinical strains, and efforts are further restricted by pressure to conduct relatively short and often underpowered screening assays with animals (10, 80, 90) because of financial and infrastructure limitations.
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